The behavior of glued steel fibres in high strength concrete with size reduction properties of concrete has been attempted. Glued steel fibres with both ends hooked having length to diameter ratio of 70 was added at a dosage level of 0.5% to 1.5% by volume fraction. The study was carried out to analyze the effects of fibre addition on the thickness reduction of concrete element. A high strength concrete mixture was designed and various thicknesses of concrete prisms were casted for different volume fraction of steel fibres. The hardened concrete properties were determined based on the mix constituents such as water to binder ratio 0.3 (w/b), superplasticizer dosage, fine to coarse aggregate ratio 0.6 (F/c), and fly ash replacement level at 25% and 50% by weight of binder content. The experimental test results showed that the flexural strength varies with respect to the depth of concrete specimen. It can be observed that the reduction in size up to 10% size containing 25% fly ash with 1.5% steel fibres showed better strength enhancement of 4.70 MPa and 6.69 MPa for 7 days and 28 days, respectively. Also, the addition of steel fibres at higher percentage of fly ash containing 50% showed better improvement in the flexural strength for the size reduction at 5%, when compared to plain concrete beam which exhibited higher stress carrying capacity of 6.08 MPa at 28 days and showed an increase of 7.99%.
Introduction
Fibre addition in plain concrete are known to improve the brittle failure properties of concrete as it controls the crack propagation in the matrix. However, the careful selection of the type of fibres can be potentially used to improve the toughness of concrete. The dispersion of fibres randomly in the concrete can promulgate the homogeneous properties in all directions. The major role of fibres being incorporated in plain concrete is to develop adequate tensile strength for effective crack bridging upon loading. It can be observed that the addition of fibres in concrete shows higher degree of ductile failure leading to high crack width reduction. The plastic deformation occurring in the postcrack region is an added advantage which is primarily borne by the discrete reinforcing mechanisms. The typical application of fibres is noted in the case of high strength concrete due to high brittleness fibres having more significant benefits in terms of improving flexural strength, elastic modulus, and long term durability. High strength concrete exhibits more brittleness under compression and addition of steel fibres in concrete improves the confinement, durability, and deformability of the concrete [1, 2] . In several research studies it was observed that the addition of steel fibers in conventional concrete greatly improved the flexural strength, fracture toughness, thermal shock resistance, and impact loading for various grades of concrete [3, 4] . It was also demonstrated that the addition of steel fibres showed significant improvement on shear capacity of concrete or it can partially replace the vertical stirrups in RC structural members. The application implies addition of steel fibres in critical sections such as beam-column junctions gives adequate ductility. The steel fibres can improve the postcrack performance and reduce the brittle behavior of normal concrete and high-strength concrete, improving the failure properties of high strength concrete [5, 6] . It was also observed that propagation of the crack is controlled by the steel fibres along the fracture plane. Fibres usually bonded with matrix exhibit crack propagation after matrix cracking and showed pullout of the fibres from the matrix exhibiting the bond strength between steel fibre 2 Advances in Civil Engineering and matrix. Both matrix and fibre tensile strength play an important role on the bond strength or pullout resistance of steel fibre from the matrix [7] [8] [9] . It is also concluded that the steel fibre volume fraction and steel fibre tensile strength have no significant effect on compressive strength and modulus of elasticity of concrete. However, the use of high tensile strength steel fibres showed considerable improvement on the split tensile and flexural strength with considerable improvements noted at increased fibre dosage [10, 11] . It is also emphasized that the bond between the steel fibres and matrix plays an important role in improving ductility, first crack strength, and flexural strength [12, 13] . From the literature analysis it can be summarized that the fibre reinforcing efficiency depends on the fibre volume fraction and the matrix properties. It can be also noted from the review that compatibility between the matrix and the steel fibre can be very important for improving postcracking behavior and fracture properties of high-strength concrete. It becomes very important to provide a comprehensive understanding of the steel fibre characteristics in concrete with special focus on the reinforcing efficiency in the matrix.
Research Significance. Reinforcing properties of discrete steel fibres in a high strength matrix can provide potential benefits on the postcrack properties as well as strengthening the matrix without cracking. In the present study, a new research finding on the flexural strength improvements with a corresponding reduction in size of concrete element was investigated. This study provides the significance on the overall reduction in concrete volume with the reinforcing efficiency of steel fibres at different volume fraction. [14] . Chemical composition and the basic properties of cement used in the study are given in Table 1 .
Experimental Methodology

Fine Aggregate.
The fine aggregate used were obtained from a locally available river bed. The fineness modulus of fine aggregate was observed to be 3.05 with a specific gravity of 2.59, and conforms to IS 383-1970 which falls under Zone III gradation.
Coarse Aggregate.
Crushed granite blue metal stone used as coarse aggregates used for material is passing through 20 mm sieve and obtained on 12.5 mm. The fineness modulus of coarse aggregate was observed to be 6.82 and specific gravity 2.61.
Glued Steel Fibres.
Both end hooked glued steel fibres were used in the study. The properties and the snapshot of steel fibres are given in Table 2 and Figure 1 .
Chemical Superplasticizer.
A commercially available calcium nitrate based accelerator (Cerachem-Acl) was used to accelerate the pozzolanic reaction in fly ash concrete, which had a specific gravity value of 1.82 and solid content of 25% and also, to improve the workability properties of fresh concrete, polycarboxylate ether based superplasticizer (PCE) was added at 1.5% (by weight of binder) to obtain the desired workability range of 75 to 100 mm slump. MSF1, MSF2, MSF3, MSF7, MSF8, and MSF9) with fixed water to binder ratio (w/b) of 0.3 and fine to coarse aggregate ratio (F/c) of 0.6. Also, the replacement level of Class F fly ash at 25% and 50% (by weight of binder content) with glued steel fibres (both end hooked) at 0.5%, 1.0%, and 1.5% (by weight of binder content) was used. In order to improve the rate of strength gain, the addition of accelerator dosage level was fixed at 1% and 1.5% of polycarboxylic ether based superplasticizer (PCE) was used for improving the workability. The detailed mixture proportions of various concrete mixes tested in the study are given in Table 3 .
Specimen Details.
Flexural performance of glued steel fibre based fly ash concretes was assessed by testing flexural strength, absolute toughness, postcrack toughness, and residual strength. Concrete specimens were casted for different sizes and the details are presented in Table 4 . The flexural experimental test setup consisting of yoke arrangement is shown in Figure 2 (a) and the line sketch of third point loading arrangement is shown in Figure 2 (b). This facilitates the prevention of extraneous deflection at the ends. A three-point loading arrangement was used for conducting bending test on the specimen and the central deflection was measured using a mechanical dial gauge of 0.01 mm accuracy. The specimens were tested as per codal provision (IS) 516-1959 and the postcrack deflection was also measured accurately without any sudden drop in load after peak load. Since the yoke arrangement provides adequate restraint to the specimen at the ends without allowing sudden failure. This provides an accurate recording of strain during gradual failure of beam due to crack bridging of fibres. This evidently denotes the role of fibres in the postcracking region during flexural bending of the specimen. Based on the loaddeflection plots drawn for the various fibre concretes, the following toughness calculations were made.
(i) Absolute toughness was calculated from the area under entire load-deflection curve from the start of loading till the complete failure of specimen. (ii) Postpeak toughness was measured from the area between the ultimate load and failure load under load-deflection curve. (iii) The toughness index is defined as the ratio of average load carrying capacity offered after cracking (due to the presence of steel fibre reinforcement) divided by the flexural tensile strength of the uncracked concrete specimen.
Specimen Preparation and Curing
Methods. The concrete constituents were mixed in an electrically operated drum type concrete mixer of 40 Kg capacity. The ingredients were dry mixed initially and then the required mix water is added along with the superplasticizer as well as accelerator.
The fresh concrete with molds was compacted by table Flexural strength for third point loading 100 × 95 × 500 mm (size reduction) 100 × 90 × 500 mm (size reduction) 100 × 85 × 500 mm (size reduction) Note: w/b: water to binder ratio; F/c: fine to coarse aggregate ratio; GSF: glued steel fibres; Acl: accelerator; PCE: polycarboxylic ether based superplasticizer; +ve sign indicates the increasing trend and −ve sign indicates the decreasing trend.
vibrator for 30 seconds and top surface leveled to smooth surface using trowel; after that the moulds were securely placed in room temperature for 24 hours. After 24 hours, the hardened concrete cubes were remolded and all the specimens were kept in the normal potable water curing tank for complete hydration of concrete and tested at different curing days.
Experimental Test Results and Discussions
Size Reduction.
The effect of fibre addition in concrete is a major application used widely in industrial floor concreting and has been tested successfully in many applications. The important advantage of using steel fibres can be derived in reducing the concrete thickness. This is essentially achieved due to the increase in the composite elastic modulus and improved matrix strengthening due to high elastic modulus of steel fibres. In the present study, the experimental test results on the flexural stress capacity of different fly ash concrete specimens containing different volume fraction of steel fibres are summarized in Table 5 . The study is intended mainly to check the accountability of the reduced depth of concrete with the addition of different percentage of glued steel fibers. Glued steel fibers used were of 35 mm length and 0.5 mm diameter ( / ratio 70) at 0.5%, 1.0%, and 1.5% by volume fraction ( ) of concrete, respectively.
The effect of steel fibre addition in fly ash based concrete (F/c ratio 0.6) showed better strength enhancement, when compared to normal size of concrete specimen (MC1) of 100 mm depth. The reduced size of concrete beam specimens of 90 mm thickness exhibited a higher flexural strength (MSF3) of around 4.70 MPa and 6.69 MPa at 7 and 28 days, respectively (as shown in Figure 3 ). In the case of 50% fly ash concrete specimens showed a marginal increase in flexural stress up to 6.08 MPa at 28 days (as shown in Figure 4 ). This essentially showed a better performance when compared to reference concrete of thickness 100 mm and the strength was increased up to 5.41% at 7 days and 14.56% at 28 days as shown in Figure 5 . However, the effect of size reduction was realized at 5% reduction in thickness. Compared to reference concrete, the flexural strength showed a decrease of 5.37% at 7 days, whereas in the case of 50% fly ash substituted concrete mixes showed an increase of 7.99% at 28 days (as shown in Figure 6 ). It can be justified that a maximum size reduction was possible up to 5% and 10% of overall depth of concrete specimen in the case of low and high volume fly ash concretes. The effect of high early strength concrete specimens and the additional reinforcing mechanism can possibly result in the composite increase in the flexural properties. This provides a possible reduction in thickness compared to plain concrete without accelerated properties with the addition of either accelerating admixtures or steel fibres. It can be noted that the size reduction of concrete elements can be achieved up to 10% with 25% of low volume and 5% with 50% of high volume fly ash substituted high strength concrete mixes. A maximum increase up to 18.83% in flexural stress capacity was noted for low volume fly ash concrete mixes. The justifications for increased flexural performance even with the reduction in size and by compensating with steel fibre addition are discussed further. The increase in flexural stress capacity of steel fibre concrete is realized due to increase in steel fibre due to replacement of concrete area. This results in the increase in composite elastic modulus and reduction in brittle material. Also the ductility of concrete is essentially provided by high deformability of steel fibres. This also results in increased moment rotation capacity and hence leads to higher moment of resistance. However, beyond the optimized steel fibre addition and optimized thickness of concrete the reduction in the moment capacity is anticipated due to reduction in concrete area. The composite performance of steel fibres in concrete and the synergy between the reinforcing effects in matrix are provided when the area of both materials are adequate to develop the stress transfer mechanism. This is also justified from fundamental mechanics that during flexural loading the maximum strain in extreme fibre is reached first in concrete and stress redistribution occurs in the steel fibres. When the area of steel and steel fibres are present at optimum level, the development of ultimate strain occurs at the same time and this results in the increased stress levels with failure occurring simultaneously in concrete and steel. This study comprehends the fundamental fact that the size of concrete element can be reduced up to 10% safely with the addition of steel fibre up to 1.5% in the case of high early strength concrete. Moreover the development of increased flexural stress capacity of high early strength concrete is one important criterion for selecting the size reduction of concrete. However, a decreased strength was recorded in the case of 50% of fly ash addition in concrete for F/c ratio (0.6) with different percentage of steel fibres. The depth of concrete specimens (85 mm) exhibits a lower flexural strength of around 4.14 MPa and 5.25 MPa at 7 and 28 days, respectively, when compared to plain concrete up to 3.27% and 6.75% at 7 and 28 days, respectively.
Flexural Toughness.
The flexural toughness values were calculated for the various mixture proportions of concrete and are provided in Table 6 . The load deformation characteristics for 25% and 50% fly ash substituted concrete mixes for various dosages of steel fibre addition are provided in Figures 7 and 8 . The experimental trends showed that the increase in fibre dosage had shown a gradual improvement on the postpeak characteristics of fly ash concrete composites. The most accountable effect of steel fibres showed better bridging effects to resist the crack and increases the ductility properties of concrete specimens to exhibit a stable postpeak load deflection curve, when compared to plain concrete specimens. It can be noted that plain concrete had not shown significant postcracking behavior and the effect of steel fibre concrete mixes provided enough energy absorbing mechanism. Most importantly the composite flexural performance was dependent on the steel fibre content and the flexural strain hardening properties were greatly improved with higher steel fibre dosage. This is revealed in the case of steel fibre concrete mix (MSF3) exhibiting the highest absolute toughness value of 34.37 N-m in the case of low volume fly ash concrete with maximum steel fibre content (1.5% ). The same mix (MSF3) had also shown a maximum postcrack toughness of 27.97 N-m. In the case of residual toughness the maximum value was 24.27 N-m for the same mix. In the case of 50% fly ash substituted concretes the maximum absolute toughness was 29.61 N-m, postcrack toughness 25.86 N-m, and residual toughness 17.87 N-m. The toughness results obtained for the various steel fibre substituted fly ash mixes exhibited a higher efficiency of matrix reinforcing efficiency and as a result the ductility of fibres provided adequate postelastic deformation properties. Also, the fly ash mixed cementitious system could possibly develop adequate bond with the steel fibre incorporated mixes due to which the residual toughness values were also found to be increased. It can be justified that the postcrack performance characteristics of high early strength concretes depend on the matrix reinforcing efficiency and result in higher energy mechanism. Also, the possible development of early strength gain properties and the synergistic interaction of steel fibres with the fly ash cement matrix can provide composite toughness properties. The load deformation characteristics for 25% and 50% fly ash substituted concrete mixes for various dosages of steel fibre addition are provided in Figure 9 . It can be noted from the experimental trends that the increase in fibre dosage had shown a gradual improvement on the postpeak characteristics of fly ash concrete composites.
Toughness Index.
The ratio of average load carrying capacity offered after cracking (due to the presence of steel fibre reinforcement) divided by the flexural tensile strength of the uncracked concrete specimen provides the Re 3 index or also called toughness index. As expected, an increase in the percentage of steel fibres by volume fractions with 50% of fly ash based concrete (F/c ratio 0.6) showed better improvement on the Re 3 index which was around 0.64 in 28 days, when compared to 25% of fly ash substituted concretes. Also, in the case of 50% fly ash substituted concretes a maximum toughness index value of 0.64 was noted with higher steel fibre content. This also denoted that the effect of fibres plays a major role in the strain softening zone due to which the contribution of steel fibres is predominant. However the matrix efficiency and further improvement on the prepeak strain hardening are due to matrix strengthening by steel fibres. The test results suggest that the distribution of steel fibres is maximum at higher reinforcement index (volume of fibres to volume of concrete). The test results showed the effects of fly ash concrete mixes at 0.6 F/c ratio of different volume fraction of steel fibres. It can be concluded from the above evaluation that the effects of steel fibres were much realized in high early strength concrete mixes in flexural strength and toughness properties.
Fibre Bridging Effects in Concrete.
The effective fibre bridging by steel fibres (shown in Figure 10 ) occurred even after the failure had resulted in the concrete beam and showed a significant enhancement on the postpeak characteristics. It is understood from the above test results that the prepeak strain hardening characteristics are dependent on the matrix densification and hardening properties of cementitious systems. However, the postpeak strain softening characteristics of concrete are dependent on the crack bridging properties offered by the steel fibres. In general, the steel fibre addition showed a synergistic effect with the pozzolanic reaction of fly ash with cement and showed improved strength compared to controlled concrete mixtures.
Fibre Alignment.
The orientations of steel fibres in the various concrete mixtures are provided in Figures 11 and 12 , which represents the microscopic image of sliced concrete section. It can be seen from the micrographs that the steel fibres were found to align along the direction of beam axis which was found to be an important property for the enhancement in the flexural strength in the case of fibre reinforced concrete specimens. It can be seen that the steel fibres oriented along the beam axis contribute towards the flexural strength capacity of the various fibre concrete mixes. However, the orientation of fibres along the transverse direction can be easily seen in the sliced concrete section in which case the fibres were oriented along the longer direction. Also, the fibres which are oriented along the beam axis can be seen as circular shape and this evidently shows the contribution of steel fibres in matrix. In the case of steel fibre reinforced concrete specimens the distribution of steel Advances in Civil Engineering fibres along the given cross section can be easily counted in terms of number of fibres seen visually in the case of different concrete mixes. The number of fibres in all the concrete mixes was accounting for the flexural stress carrying capacity. The orientation of steel fibres is found to be directly influencing the stress redistribution in concrete system in which case the plain concrete tends to fail immediately after first crack whereas in the case of steel fibre reinforced concrete specimens, it can be seen that the flexural stress carrying capacity is enhanced with the closer facing of steel fibres. Most notably the consecutive stress transfer mechanism is much effective in all the fibre reinforced concrete specimens as well as the reinforcement index. Reinforcing efficiency depends on the distribution of steel fibres for a given area and is represented clearly in this sliced concrete section. It can be seen that in the case of higher volume fraction of steel fibres, the homogeneous distribution of steel fibres is clearly evident and is represented by the closer spacing of fibres, whereas, in the case of low volume fraction the orientation and distribution of steel fibres were random with large inter fibre spacing. Also, it is observed that the orientations of steel fibres were affected during the vibration of the concrete and have the tendency of the longer fibres to get aligned along the direction of the beam axis. High modulus steel fibres influence matrix strengthening in the case of high volume fly ash (50%) concrete systems. This also apparently enhanced the flexural strength on par that of 25% fly ash substituted concretes mixes. Even though the matrix is highly brittle but the addition of fibres had shown a considerable increase in the flexural stress carrying capacity. The experimental test results indicated that the addition of steel fibres has proved to be essential to the matrix strengthening as well as in the case of overall composite performance of fly ash substituted steel fibres reinforced concrete mixes.
Conclusions
Based on the experimental investigation the following significant conclusions are drawn within the limitations of the study. (i) The size reduction of structural element can be an important aspect for improving the concrete performance in terms of structural efficiency and economy.
(ii) From the studies it was noticed that the addition of steel fibres at higher volume fraction (1.5% ) showed good reduction in thickness of beam element for about 10%, which resulted in higher bending resistance, when compared to plain concrete.
(iii) Also, compared to plain concrete the addition of steel fibres in concrete provided higher reinforcing index for the decreased volume reduction of concrete.
(iv) It can be concluded that the reinforcing index of steel fibre concrete can be much improved in terms of strength and stiffness of the structural element.
(v) It is clear from the studies that fibre reinforced cement composites provide better performance characteristics than conventional concrete and have opened up a variety of new and exciting construction materials.
(vi) Most importantly the composite flexural properties were dependent on the steel fibre content and the flexural strain hardening properties were greatly improved with higher steel fibre dosage. This is revealed in the case of steel fibre concrete mix (MSF3) exhibiting the highest absolute toughness value of 34.37 N-m in the case of low volume fly ash concrete with maximum steel fibre content (1.5% ). The same mix (MSF3) had also shown a maximum postcrack toughness of 27.97 N-m. In the case of residual toughness the maximum value was 24.27 Nm for the same mix. In the case of 50% fly ash substituted concretes the maximum absolute toughness was 29.61 N-m, postcrack toughness 25.86 N-m, and residual toughness 17.87 N-m.
(vii) Residual load capacity of fibre concretes was found to exhibit the flexural strength capacity of all fibre concrete mixes after the initiation of first crack and subsequent reloading till failure.
(viii) It was observed from the test results that the higher toughness index (0.60) was noticed in the case of low volume fly ash concrete with 1.5% of steel fibres.
